Introduction {#Sec1}
============

Transposition of the great arteries (TGA) is a congenital heart defect with an incidence of around 2.3 in 10.000 live births.[@CR1] In this condition, the aorta is connected to the morphological right ventricle and the pulmonary artery arises from the morphologic left ventricle. This results in separate and most often independent parallel systemic and pulmonary circulations. Usually the aorta lies right and ventral of the pulmonary artery and the position of the right ventricle is on the right side, so-called [d]{.smallcaps}(extro)-transposition.[@CR2] In 70% of the cases, this condition is isolated; in 30%, there is a complex form where the transposition is associated with a relevant ventricular septum defect (VSD), an obstruction of the left ventricular outflow tract (LVOT), or a combination of both.

As a result of this transposition, the systemic and pulmonary circulations run in parallel. The venous blood is re-introduced in to the systemic circulation, without crossing the pulmonary circulation for oxygenation. Because of the separate pulmonary and systemic circulation, children present with severe arterial desaturation at birth. To support life there has to be a connection between the 2 circulations, either via an atrial septal defect (ASD), a VSD, or patent arterial duct. The neonate oxygen saturation of the systemic circulation is completely dependent on shunting through these connections.

When TGA is diagnosed, prostaglandins are used to prevent the arterial duct from closing. In addition, the resistance in the pulmonary vascular bed is lowered after birth. This results in an increased left-right shunt and thus improved pulmonary flow. In turn this leads to increased volume and pressure in the left atrium and thus left-right shunt on atrial level (given an ASD or VSD), creating an increased and oxygen-rich blood inflow from the left atrium and as a result higher oxygen saturation in the systemic circulation.

Surgical treatment of TGA is one of the most successful achievements in the history of congenital heart defects surgery. Without treatment, 30% of the children die within 1 week after birth, 50% in one month, and 90% within one year. After surgical repair, mortality and morbidity rates decrease dramatically.[@CR3]

First step in treatment is stabilization by creating a shunt possibility on the atrial level, usually through balloon septostomy (so-called Rashkind procedure).[@CR4] This procedure is performed in the first weeks after birth, followed by corrective surgery. There are several surgical repair options; however, the most used method nowadays is an anatomical correction through the arterial switch procedure. This procedure restores the normal anatomic form of the circulation. The aorta and pulmonary artery are transected and switched. Furthermore, there is detachment of the coronary arteries along with a "button" from the aortic wall, followed by a re-implantation in the neo-aorta.[@CR5] Main advantage of this procedure is that the role of the left ventricle as systemic ventricle is maintained.[@CR2]

In 5%-15%, long-term complications occur; the most important being pulmonary hypertension caused by stenosis of the pulmonary artery or in other levels of the right ventricular outflow tract (RVOT).[@CR6] In addition, the patency and function of the re-implanted coronary arteries are reason for concern.[@CR7]--[@CR9] Other complications are related to the neo-aorta/ aortic valve. [@CR10]

Case presentation {#Sec2}
=================

We present two cases of teenage patients with a history of transposition of the great vessels and arterial switch procedure.

Case 1 {#Sec3}
------

A 13-year-old boy presented with signs of ischemia on ECG during exercise stress test. Exercise testing was performed according to the Bruce protocol. ST-segment changes were observed after 12-15 minutes of exercise. There was ST depression in leads V4-V6 and II, aVF. The patient had no clinical complaints and exercise test was performed on routine clinical evaluation.

Gated single-photon emission computerized tomography (SPECT) myocardial perfusion imaging (MPI) after symptom limited bicycle ergometry and at rest was performed to rule out myocardial ischemia (2-day stress rest protocol). Patient exercised for 9 minutes with a stress/exercise tolerance of 123 Watt and a maximum heart rate of 181 beats/minute (87% of the age-predicted maximum heart rate). Rest ECG showed no abnormalities. On stress ECG ST depression was seen at the end of the exercise (V4-V6), with normalization during recovery (Figure [1](#Fig1){ref-type="fig"}). Administered dose was 434 MBq ^99m^Tc-tetrofosmin (stress) and 487 MBq ^99m^Tc-tetrofosmin (rest).Figure 1Rest electrocardiogram (left) showing sinus rhythm and no signs of ischemia. Stress ECG (right) with significant ST-segment depression (up-sloping) in leads V4-V6

MPI showed a non-dilated left ventricle with a large area of inducible hypoperfusion in the anterior wall, running from the left ventricular base till the apical segments (4 segments), approximately involving 10% of the left ventricle (Figure [2](#Fig2){ref-type="fig"}). There was a minor but most likely significant decline in systolic function after stress (EF = 68 % vs. 74%).Figure 2^99m^Tc-tetrofosmin stress/rest myocardial perfusion imaging at initial screening. During stress there is a marked perfusion defect in the anterior wall (segment 1, 7, 13, 17), with complete normalization of myocardial perfusion at rest

Contrast-enhanced cardiac CT showed a normal aspect and course of the RCA. There was an occlusion at the origin of the LCA. More distal there was filling of the LAD and Cx, probably by collaterals and retrograde filling via the RCA (Figure [3](#Fig3){ref-type="fig"}). Coronary angiography (CAG) confirmed CT findings (Figure [4](#Fig4){ref-type="fig"}).Figure 3Cardiac CTA displaying a normal course and filling of the RCA (**A**, blue arrow). There is a stenotic origin of the LCA (**B**, blue arrow). More distal there is filling of the LAD (**C**, gray arrow) and Cx (**C**, blue arrow)Figure 4Coronary angiography showing a monocoronary artery (RCA) with post-switch occluded LCA (arrow). There is retrograde filling of the LCA via collateral circulation (arrowheads)

After multidisciplinary consultation a CABG was performed (LIMA-LAD). MPI was repeated after CABG and showed significant improvement of myocardial perfusion, with only a small area of inducible hypoperfusion remaining in the mid-anterior wall (1 segment, SD 0 %) (Figure [3](#Fig3){ref-type="fig"}). There was no significant difference between systolic function during stress and rest (EF = 70 % vs. 69%) (Figure [5](#Fig5){ref-type="fig"}).Figure 5^99m^Tc-tetrofosmin stress/rest myocardial perfusion imaging 3 months after CABG. Apart from a small area of reversible perfusion abnormality mid-anterior (segment 7), there is a normalized myocardial perfusion

Case 2 {#Sec4}
------

A 15-year-old boy with a history of arterial switch for TGA presented with reduced exercise tolerance.

^99m^Tc-tetrofosmin stress/rest myocardial perfusion was performed to rule out ischemia (2-day stress rest protocol). Patient exercised during 11 minutes with a stress/exercise tolerance of 87 Watt and a maximal heart rate of 150 beats/minute (73% of the age-predicted maximum heart rate). Exercise was discontinued because of recognizable dyspnea complaints. Rest ECG showed a sinus rhythm with indifferent cardiac axis and a complete right bundle branch block. There were high amplitudes in the right precordial leads indicating a right ventricle hypertrophy. There were no evident signs of ischemia on stress ECG (Figure [6](#Fig6){ref-type="fig"}). Administered dose at stress and rest was 385 and 405 MBq ^99m^Tc-tetrofosmin, respectively.Figure 6Rest electrocardiogram (left); sinus rhythm with indifferent cardiac axis and a complete right bundle branch block. High amplitudes in the right precordial leads suggesting right ventricular hypertrophy. During stress (right) no significant electrocardiographic changes were seen

MPI showed predominant right ventricle wall visualization on post-stress imaging (Figure [7](#Fig7){ref-type="fig"}). During rest, uptake in the left ventricle normalized and right ventricle was less visualized resulting in a normal perfusion ratio between left and right ventricle. There was no difference in systolic function between stress and rest.Figure 7^99m^Tc-tetrofosmin stress/rest myocardial perfusion imaging showed predominant right ventricle wall visualization on post-stress imaging with normalization of myocardial perfusion at rest

CT showed a common coronary variant with an aberrant Cx arising from the RCA. There was a severe stenosis/occlusion at the origin of the re-implanted LAD (Figure [8](#Fig8){ref-type="fig"}).Figure 8Cardiac CTA demonstrates filling of the RCA (**A**, blue arrow), an aberrant origin of the Cx arising from the RCA (**B**, black arrow). There is a fragile LAD (blue arrow) with suggestion of severe origin stenosis on coronal (**C**) and axial views (**D**)

CAG showed in addition that there was retrograde filling of the LAD trough collateral vessels arising from the RCA (Figure [9](#Fig9){ref-type="fig"}).Figure 9Coronary angiography showing an aberrant Cx arising from the RCA (white arrow). There is a total occlusion of the proximal LAD (black arrow) with evident retrograde filling via collateral circulation (arrowheads)

After multidisciplinary consultation a less aggressive approach was chosen (optimizing anti-ischemic medication for now). This patient is still in follow-up and doing fine (6-month follow-up).

Discussion {#Sec5}
==========

Coronary artery complications are relatively common after an arterial switch procedure. In a study of Bonnet et al., evaluating 64 patients who underwent an arterial switch procedure, 12% of the patients had stenosis or occlusion of the coronary arteries on long-term follow-up (i.e., 7 years).[@CR8] Complex native coronary anatomy was associated with the occurrence of late coronary artery stenosis, while the re-implantation technique had little-to-no impact on coronary artery prognosis.[@CR7]

In young childhood, these coronary artery lesions do not (always) cause ischemia because the formation of an extensive collateral network maintains left ventricular blood supply. As patients grow older, collateral network may fall short, resulting in ischemia.

In our patients, the presence of a significant collateral circulation from the RCA to the left coronary arterial system maintained perfusion in LAD territory at rest. At stress however, the collateral network failed, causing myocardial ischemia. [@CR11] In addition, in one of the patients the only sign of ischemia on MPI was a predominant RV uptake at stress with a normalized perfusion at rest. In general, visualization of the right ventricle post-stress on MPI is considered a poor prognostic sign and indirect evidence of severe left-sided coronary artery disease/global ischemia (the so-called flip-flop phenomenon).[@CR12]--[@CR14]

All individuals with congenital heart disease (CHD) require some sort of follow-up to monitor cardiac function, disease progression, and the occurrence of complications whether or not related to surgical correction. Transthoracic echocardiography (TTE) is, because of its widespread availability and low cost, the mainstay for follow-up for most CHD. TTE has several limitations, mostly related to limited field of view, which may inhibit the visualization of essential structures such as the great vessels. Usually cardiac MRI is the first choice when information from TTE is incomplete, especially in younger patients. However, when small structures such as coronary arteries are the subject of investigation contrast-enhanced cardiac CT is a better option because of its superior spatial resolution and fast acquisition time.[@CR15]

Early studies opted that non-invasive screening tools for coronary artery insufficiencies in patients with an arterial switch procedure were inadequate because of relatively high radiation doses and low sensitivity and that screening should be performed by invasive coronary angiography.[@CR7],[@CR16],[@CR17] However, with recent developments in CT technology, resulting in improved spatial and temporal resolution as well as multiple techniques on dose reduction and prospective ECG-triggered scanning, the coronary artery anatomy in children can be visualized without the need of invasive coronary angiography.[@CR18] Similar developments on dose reduction have also taken place in MPI, mostly by improvement of the technology in gamma camera's resulting in improved count sensitivity for the detection of gamma rays.[@CR19] To gain information about perfusion, cardiac MRI and nuclear techniques such as scintigraphy and PET imaging are essential. In the current guidelines for patients with a history of arterial switch operation, it is recommend to undergo ischemia testing every 3-5 years, but there is no consensus on what sort of imaging test should be used. As a result a combination of tests such as MRI, CTA, MPI, exercise testing is performed.[@CR15],[@CR20]

In favor of using MPI in these patients is the known relation between the outcome of exercise MPI and cardiovascular risk. [@CR21] In addition, the guidelines recommend angiography at least once during adulthood to assess coronary patency.

New Knowledge Gained {#Sec6}
====================

In patients with complaints or new ECG abnormalities after an arterial switch procedure, MPI and cardiac CT are essential in the functional and anatomical evaluation of coronary arteries. Furthermore, it is important to realize that prominent visualization of the right ventricle on post-stress myocardial perfusion scintigraphy as the only sign of diffuse left ventricular ischemia also occurs in children and young adults.

Conclusion {#Sec7}
==========

Late outcome of the arterial switch procedure in TGA may be influenced by complications concerning the coronary arteries. Complete occlusion may occur early in life and is often counterbalanced by extensive collateral perfusion. As patients grow older, this collateral network may fall short, resulting in (diffuse) ischemia of the left ventricle. With recent CT developments, especially on dose reduction, CT and myocardial perfusion scintigraphy (MPS) are excellent non-invasive methods to assess coronary anatomy and function. Furthermore, it is essential to be aware that prominent visualization of the right ventricle on post-stress MPS may be the only sign of diffuse left ventricular ischemia (i.e., flip-flop phenomenon).
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